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EDITORIAL REVIEW
The regulation of renal acid secretion: New observations from
studies of distal nephron segments
Forty years ago, in a landmark paper, Pitts and Alexander [1]
proposed that the renal excretion of acid is accomplished by 'a
single fundamental process based primarily on the exchange of
H ions for Na ions". Ten years later, Schwartz, Jenson and
Relman [21 demonstrated that the acute infusion of sodium
sulphate in humans ingesting a low sodium chloride diet was
associated with a dramatic fall in urine pH, although systemic
acid—base balance was not changed. The observation that
hydrogen ion excretion can increase without a fall in blood pH
has been relentlessly pursued by Schwartz and his colleagues
[2]. Many meticulous chronic steady—state experiments have
provided results which have been explained by a "non-ho-
meostatic" hypothesis, elegantly presented by Schwartz and
Cohen [3]. This view, to which we will hereafter refer as the
cation exchange hypothesis, states that it is not blood pH but
changes in sodium delivery, sodium avidity, and subsequent
"Na-H exchange" of the distal nephron which determine the
rate of renal hydrogen ion secretion. Chloride depletion or
chloride substitution with less permeable anions are considered
to also influence the rate of "Na-H exchange". Some of the
situations studied by Schwartz and his colleagues include:
alkalinization of systemic blood in chronic metabolic alkalosis,
the different degrees of acidosis observed with chronic infusion
of mineral acids of different anions, the normal bicarbonate
concentration observed during vasopressin—induced volume
expansion, and the induction of metabolic alkalosis by the
administration of potassium and a non-reabsorbable anion to
sodium and potassium depleted animals [4—8]. All have been
explained on the basis of altered intrarenal sodium handling,
subsequent stimulation of hydrogen ion secretion, and en-
hanced bicarbonate reabsorption. It is important to emphasize
that this cation exchange hypothesis characterizes distal neph-
ron H secretion as being uninfluenced by blood pH, but
responsive primarily to Na handling and anion movements. Not
surprisingly, such a comprehensive approach has strongly
influenced current views on the renal regulation of acid—base
balance.
Recently, new studies have been completed which enable us
to reconsider whether the regulation of hydrogen ion secretion
"Na-H exchange" does not refer to any single mechanism but
rather to some linkage (direct or indirect) between Na absorption and H
secretion
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in different segments of the distal nephron conforms to the
prediction of the cation exchange theory. Experiments on the
distal tubule, cortical collecting tubule, outer medullary collect-
ing duct and inner medullary collecting duct have specifically
examined the dependence of hydrogen ion secretion on
peritubular pH changes, Na, K, and anion movements, and
mineralocorticoid activity. In fact, preliminary attempts have
already been made to interpret these new findings in the context
of the classic views of Schwartz and his colleagues [9].
Our purpose in this review is to provide for the general reader
a summary of the new information on acid secretory activity of
discrete distal nephron segments with particular reference to
the cation exchange hypothesis. We will attempt to show that,
for the most part, hydrogen ion secretion in distal nephron
segments is active, can be independent of sodium movement, is
modulated by mineralocorticoids, can be altered in direction by
bicarbonate secretion, is likely dependent in some fashion on
chloride concentration, and, most importantly, appears to be
responsive to determinants of the pH of systemic blood. We
note that these new data derive from experimental models which,
for the most part, are different from the chronic steady—state
situations which led to the formulation of the cation exchange
hypothesis. Accordingly, at this time it appears desirable to revise
our view of whole kidney acid excretion in a fashion that incor-
porates currently available data on segmental analysis of the distal
nephron, while at the same time expanding our experimental base
to include preparations that more closely approximate chronic
steady—state derangements clinically experienced.
Segmental approach to distal nephron acidification
Distal tubule
Originally, all of our information about distal tubule acidifi-
cation was derived from in vivo micropuncture studies. It is
difficult to sort out what data applies to the true distal tubule, to
the connecting segment, or to the cortical collecting tubule,
since it is now well appreciated that all three of these segments
contribute to the micropuncturist's distal tubule [10]. Although
earlier micropuncture studies utilizing pH microelectrodes sug-
gested that the surface distal tubule could be a major contribu-
tor to renal regulation of acid—base balance [II], more recent
studies, directly measuring rates of acidification via measure-
ments of bicarbonate absorption, have clearly shown that
the surface distal tubule demonstrates little bicarbonate absorp-
tion unless it is exposed to extreme systemic metabolic
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acidosis.2 It is evident from these studies (13—15) that: 1) the
surface distal tubule of the rat as well as the distal convoluted
tubule of the rabbit do not demonstrate significant bicarbonate
absorption under normal circumstances; 2) mineralocorticoids
do not appear to affect bicarbonate absorption in the distal
tubule; 3) bicarbonate absorption in the distal tubule occurs
only when it is exposed to severe metabolic acidosis; 4) when
HCO3 absorption is stimulated it is independent of perfusion
(flow and delivery) rate, the magnitude or direction of net Na
transport, and the magnitude or direction of net K transport.
Since under certain circumstances the surface distal tubule
demonstrates bicarbonate absorption, it will be important to
determine whether this transport process is attributable to the
true distal tubule, to the connecting segment, or to the early
collecting tubule, all three of which are known to constitute
various portions of the surface distal tubule as studied by
micropuncture [10]. Specifically, it is of interest to determine
whether any of the unique cell types located in the surface distal
tubule are capable of bicarbonate absorption. The cell types in
question include the distal tubule cell and the connecting tubule
cell. The intercalated cell which is present in the connecting
segment is also present in the collecting tubules and, as will be
discussed subsequently, is considered to be the major acidifying
cell in the collecting duct system.
From micropuncture studies performed thus far, it is impos-
sible to attribute bicarbonate absorption to any one specific
segment of the surface distal tubule. It is probable that the net
bicarbonate absorption shown under certain circumstances is
attributable to the intercalated cells in the connecting segment
and that portion of the cortical collecting tubule that extends to
the renal surface. This, of course, will have to be rigorously
proven by direct studies on the distal convoluted tubule cell and
the connecting tubule cell. If the intercalated cell in the con-
necting segment and surface cortical collecting tubule is indeed
responsible for the micropuncture observations, then it is
likely, but not certain, that this intercalated cell possesses the
same transport characteristics and responds to regulatory influ-
ences in similar fashion to the intercalated cells of cortical and
medullary collecting tubules. The intercalated cells of the
collecting duct system will be discussed in detail later.
The distal tubule exhibits a lumen—negative voltage through-
out most of its length [13, 16—18]. The magnitude of the
lumen—negative voltage is less in the early distal tubule, and
indeed some investigators find a lumen—positive voltage in the
very early distal tubule [13, 16—18]. This lumen—positive voltage
2 There appears to be a discrepancy between free flow micropuncture
studies which do not appear to show an increase in pH along the distal
tubule, and in vivo perfusion studies which demonstrate very little
HCO3 absorption. If no HCO3 is absorbed in the distal tubule the
abstraction of water alone should raise luminal HCO3 concentration
from a value of approximately 5 m to 15—20 msi. At first thought such
a rise in HCO3 concentration should cause a large pH rise along the
distal tubule. However, if one recalls that the distal tubular fluid is not
in functional contact with carbonic anhydrase, lumen pH might remain
low or unchanged secondary to an acid disequilibrium pH. It has been
well demonstrated that very low rates of H secretion, rates not
associated with significant net HCO absorption, can still result in a
significantly acid in vivo disequilibrium pH in proximal tubules (12).
Free flow measurements of early and late distal tubule HCO3 concen-
tration will be required.
is thought to represent extension of transport characteristics of
the thick ascending limb of Henle into the early distal tubule.
The lumen—negative voltage of the distal tubule results from
active Na transport. It is not known if the distal tubule displays
a lumen—positive voltage when all electrogenic Na transport is
inhibited. Such an observation might be a clue to the presence
of electrogenic proton secretion (see Cortical collecting tubule).
The issue of electrogenic proton secretion is critically important
as will become evident throughout this discussion of distal neph-
ron acidification. If bicarbonate absorption occurs via electrogenic
proton secretion, then the rate of proton secretion is likely to be
sensitive to the magnitude of the lumen voltage (more specifically,
the magnitude of the voltage across the apical cell membrane). To
the extent that the lumen voltage is determined by cells which may
not be secreting protons but rather absorbing Na, then
electrogenic proton secretion would be affected by electrogenic
Na absorption.3 Also, the presence of electrogenic proton secre-
tion requires either secretion of an anion or absorption of a cation
to preserve electroneutrality. To the extent that electroneutrality
is accomplished by proton secretion with coexisting anion secre-
tion, the luminal concentration of the anion in question becomes
relevant. These three issues: I) etectrogenic proton secretion; 2)
the interaction between electrogenic proton secretion and
electrogenic Na absorption; and 3) the role of anions will be more
fully developed in the discussion of the cortical and medullary
collecting tubules.
To summarize, because of the marked axial heterogeneity of
the surface distal tubule and the uncertainty about which
portion of the micropuncturist's distal tubule is responsible for
acidification, it is premature to launch into a detailed descrip-
tion of the mechanism and regulation of acidification in this
segment. Nevertheless, certain important conclusions can be
made. First, there is no evidence that mineralocorticoids stim-
ulate acidification in this portion of the distal nephron either by
direct action or indirectly via alteration in the magnitude of the
lumen—negative voltage. Second, the rate of bicarbonate ab-
sorption under the stimulus of metabolic acidosis is unaffected
by the transport of other cations, namely Na and K. Third, flow
rate and with it, delivery of bicarbonate, appears to have no
effect on net bicarbonate absorption. Finally, although no
studies have addressed the issue of luminal fluid anion compo-
sition on acidification in the distal tubule, recent studies utiliz-
ing in vivo microperfusion of surface distal tubules have shown
that lowering of the luminal fluid chloride concentration by
partial replacement with non-reabsorbable anions such as sul-
fate does not significantly affect the lumen—negative voltage
[19]. Thus the magnitude of a voltage—related effect on
electrogenic proton secretion (that is, increased lumen—negative
voltage due solely to the presence of non-reabsorbable anions in
tubular fluid) may be much less than previously thought.
Cortical collecting tubule
Comparison with toad and turtle bladder. There is remarkable
similarity between cortical collecting tubule and the urinary blad-
der of the turtle and toad. Indeed, this similarity is frequently
invoked to explain a number of events which are thought to occur
Even though this type of interaction between Na transport and H
secretion is indirect it still qualifies as "sodium dependent."
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in distal nephron acidification. However, as will become evident in
the subsequent discussion on the medullary collecting tubule, it is
inaccurate to consider the entire collecting duct system to be
completely analogous to the turtle or toad bladder.
There are morphologic similarities between the CCT and the
bladder of toads and turtles. These epithelia are composed of
two major cell types: principal or light cells and intercalated or
dark cells (mitochondrial—rich cells) [20—23]. A number of
studies on bladder epithelia have provided strong evidence that
proton secretion is electrogenic and confined to a population of
carbonic anhydrase containing cells which correspond to the
mitochondrial—rich cells [24—27]. In bladder epithelia, the
mitochondrial—rich cells are constant in number but, under
conditions designed to stimulate acidification, appear to un-
dergo certain morphologic changes [24—27]. Stimulation of
acidification in the turtle bladder by CO2 increases the surface
area of the apical cell membrane and reduces the number of
subapical vesicles in the cytoplasm [28]. This has been shown to
most likely result from fusion of subapical vesicles to the apical
cell membrane [28]. This fusion process is thought to insert
additional proton pumps into the apical membrane [28]. Elegant
studies by Gluck, Cannon and Al-Awqati have demonstrated
vesicle fusion to the apical cell membrane by visualizing cyto-
plasmic vesicles with acridine orange fluorescence [28].
Exposure of the serosal surface of the turtle bladder to the
disulfonic stilbene SITS results in a decrease in the surface area
of the carbonic anhydrase—rich cells without a change in their
number [24]. It is felt that this response to SITS is a result of
intracellular alkalinization of the carbonic anhydrase—rich cells,
since serosal addition of HCO3 without CO2 also results in a
reversible reduction in the surface area of carbonic anhydrase
cells [24]. Thus, in bladder epithelia maneuvers designed to
affect acidification by changes in extracellular or intracellular
pH are associated with morphologic changes in a subpopulation
of cells. Because of the morphologic similarity of the
mitochondrial—rich cells of the bladder and the intercalated or
dark cells of the CCT, it is possible that acid—base maneuvers
might affect the intercalated cells of the CCT in the same way as
they affect mitochondrial—rich cells of the bladder. Similar
morphologic changes in the intercalated cells of the rat outer
medullary collecting duct recently have been reported [29].
Acute respiratory acidosis (four hr) resulted in a decrease in
tubulovesicular structures below the apical cell membrane in
intercalated cells of outer medullary collecting duct [29]. In
addition, acute respiratory acidosis increased the surface area
of intercalated cells in the outer medullary collecting duct [29].
Similar changes were also observed in animals with metabolic
acidosis [30]. It should be noted that although the morphologic
changes of intercalated cells in the collecting duct system have
been observed in the outer medullary collecting duct, it is likely
that these morphologic changes also take place in intercalated
cells in the CCT. Direct proof is needed.
At this point it is appropriate to point out that there is some
evidence for two types of intercalated cells—one set responsi-
ble for H secretion and another responsible for HCO3 secretion.
The latter process will be discussed in more detail in the next
section. Preliminary studies by Schwartz and Al-Awqati sug-
gest some intercalated cells secrete H and others secrete HCO3
[31]. In addition, morphologic studies have shown that maneu-
vers designed to stimulate acidification by intercalated cells of
collecting tubule or mitochondrial—rich cells of turtle bladder do
not change the appearance of 100% of the cells, that is, some
intercalated or mitochondrial—rich cells do not change appear-
ance when exposed to presumably stimulating factors [32]. It is
felt that these "non-responding" cells might represent HCO3
secreting cells. At present, this is an attractive hypothesis but
requires testing.
Net acidification rates in collecting tubules
Cortical collecting tubule
Studies of both rabbit and rat CCTs perfused in vitro have
demonstrated that this segment of the nephron is capable of
proton as well as HCO3 secretion [33—40]. Therefore, net
acidification in this segment must be considered to be the sum
of both these transport processes. In both rabbits and rats the
CCT exhibits a lower rate of net HCO3 absorption than the
medullary collecting tubule studied under similar conditions
[36—39]. It is not clear whether this lower net HCO3 absorptive
rate is due to a lower rate of proton secretion or to coincident
HCO3 secretion. Studies by McKinney and Burg [33] and
Lombard, Kokko and Jacobson [36] have clearly demonstrated
that CCT perfused in vitro exhibit net HCO3 transport rates
which are affected by the in vivo acid—base status of the rabbit
from which the collecting tubules are derived. Thus, animals
treated with ammonium chloride in their diets yield CCT which
exhibit higher net rates of HCO3 absorption than tubules
harvested from normal animals [33, 34, 36]. Also, tubules
harvested from animals treated with NaHCO3 prior to sacrifice
exhibit net HCO3 secretion [33, 35, 36]. At first, the manifesta-
tion of net HCO3 secretion by CCT of the rabbit was considered
to represent a unique feature of herbivores, which ingest a high
alkaline content diet. However, it has been demonstrated also
that the rat CCT is capable of secreting HCO3 [39] in vitro.
Thus, it is likely that in the CCT, just as in the urinary bladder,
net HCO3 secretion or HCO3 secretion reducing the magnitude
of net HCO3 absorption may play an important physiologic role
in acid—base balance.
Characteristics of acidification in cortical collecting tubules
Electrogenicity
Just as with the urinary bladders of toads and turtles, a
lumen—positive electrical potential develops in the CCT when
Na transport is inhibited by either luminal amiloride,
peritubular ouabain, or luminal and peritubular Na replacement
with another cation [40—42]. It is likely that this lumen—positive
potential represents proton secretion [40—41]. Peritubular
acetazolamide as well as peritubular SITS obliterate this
lumen—positive potential, while simultaneously inhibiting net
HCO3 absorption [34] or luminal fluid acidification as measured
by a pH electrode [40]. Similarly, maneuvers designed to
stimulate acidification, such as chronic DOCA pretreatment of
the animals from which the CCT are harvested, result in
increased lumen—positive voltages when Na transport is inhib-
ited. This coincides with increased rates of proton secretion
[40]. Thus, from a number of indirect studies it seems reason-
able to conclude that CCT acidification includes an important
component of electrogenic proton secretion.
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Sodium dependence
McKinney and Burg demonstrated that peritubular ouabain
or luminal amiloride result in significant decreases in net HCO3
absorption by CCT perfused in vitro [34]. Both of these
maneuvers are associated with a significant reduction in the
lumen—negative voltage, and therefore would be expected to
produce a less favorable electrical gradient for voltage sensitive
proton secretion. However, under conditions when all net
sodium transport is inhibited by these agents, significant net
HCO3 absorption continues, albeit at a lower rate. Similar
findings were presented by Koeppen and Helman who have
studied acidification of in vitro perfused CCT utilizing pH
microelectrode measurements of collected fluid [40]. They also
demonstrated that ouabain results in a significant reduction in
acidification of the luminal fluid, although active acidification
continued. Slightly different results are obtained when sodium
in perfusate and bath is completely replaced with choline.
Under these conditions, McKinney and Burg [34] demonstrated
that net HCO3 absorption actually increased significantly. This
was observed in tubules harvested from animals which were
pretreated with ammonium chloride. On the other hand, in
tubules harvested from animals pretreated with NaHCO3, tu-
bules which under control conditions demonstrated net HCO3
secretion, complete replacement of luminal and peritubular
fluid sodium with choline resulted in inhibition of net HCO3
secretion. In five of seven tubules studied net HCO3 absorption
occurred [35]. However, more recently it was shown that
sodium replacement with N-methyl glucamine did not affect
HCO3 secretion [43]. Also, Koeppen and Helman [40] demon-
strated that complete removal of sodium and with it potassium
(both replaced by tetramethyl ammonium) resulted in reduced
rates of acidification by CCT, although significant net acidifica-
tion of tubular fluid still persisted under these conditions.
Therefore, from all the available studies one can conclude that
there is a component of luminal fluid acidification or HCO3
absorption that is independent of either the presence of sodium
in luminal fluid or the transport of sodium. There is also
evidence for a "sodium dependent" component of CCT acidi-
fication that is probably due to an indirect link related to the
sodium current. Also, it is likely that the HCO3 secretory
process is sodium independent.
Anion dependence
There is ample evidence from turtle bladder studies that
anion exchange, that is, HCO3-C1 exchange, plays two impor-
tant roles in the function of this epithelium. First, it appears that
in the process of acidification the exit step for HCO3 across the
basolateral cell membrane of the acidifying cell is linked to Cl,
since total Cl removal from the serosal side inhibits acidification
as does serosal application of SITS [44—47]. In this epithelium
the exchanger requires only minimal concentrations of Cl with
an apparent KM for Cl of 0.13 mi [45]. In addition to this effect
of serosal Cl on net acidification, turtle bladder also demon-
strates net transepithelial Cl-HCO3 exchange which results in
HCO3 addition to the mucosal fluid and net Cl absorption [47].
It is felt that this Cl-HCO3 exchanger resides on the apical
membrane and is electroneutral in nature [47].
The situation is less well studied in the CCT. However, there
are studies by Laski, Wamock, and Rector [37] which demon-
strate that transepithelial Cl gradients in the isolated perfused CCT
affect net acidification. When a Cl gradient exists from the
peritubular to luminal direction, net HCO3 absorption is en-
hanced. When a Cl gradient exists from lumen to bath, net HCO3
absorption is decreased. Also in these studies, net HCO3 absorp-
tion was not affected significantly when Cl was completely re-
moved from both perfusate and bath [37]. Similarly, in studies by
McKinney and Burg in CCT that were secreting HCO3, complete
removal of Cl from perfusate and bath did not affect this net HCO3
secretion [35]. Thus, with respect to these isolated tubule studies,
both net HCO3 absorption and HCO3 secretion can occur in the
absence of luminal and peritubular Cl. These results are in conflict
with bladder studies as well as studies in medullary collecting
ducts [45—48]. Since the HCO3-Cl exchange at either apical or
basolateral cell membrane may require only minimal chloride
concentration (as is true in the bladder), it is possible that this
apparent discrepancy is related to incomplete Cl removal. Indeed,
Boyer and Burg [49] demonstrated that HCO3 secretion by rabbit
CCT was diminished when luminal Cl was replaced with sulfate.
More recent studies from the same laboratory also show that
HCO3 secretion is luminal Cl-dependent [43]. Thus, while the
CCT is less well characterized than the bladder, there is support
for an important role for Cl in net acidification by this segment. It
should be possible to dissect out the importance of Cl in studies in
which Na transport is inhibited, and also in studies in which the
effect of Cl is determined on both proton secretion as well as
HCO3 secretion.
Role of aldosierone
In the studies of Koeppen and Helman, CCT from rabbits
which had received DOCA were also studied in vitro [40]. In
these experiments, both the Na transport dependent (probably
voltage dependent) component of acidification and the Na-
independent component of acidification were increased by
prolonged DOCA treatment. While the latter observation sug-
gests a direct effect on intercalated cells, the mechanism of this
effect is unknown. Of interest are recent observations of high
rates of bicarbonate secretion by cortical collecting tubules
from DOCA treated rabbits given NaHCO3 in their drinking
water [50]. It is not clear what component of the high rate of
HCO3 secretion is due to in vivo metabolic alkalosis and what
may be secondary to a direct mineralocorticoid effect. It is
indeed possible that mineralocorticoids can stimulate both H
and HCO3 secretion and that the predominant effect may be
modulated by the existing acid base status.4
Response to pH
As mentioned above, when CCT are harvested from animals
treated with an acid or an alkali load, the tubules exhibit either
net HCO3 absorption or net HCO1 secretion [33—36]. This can
A current hypothesis concerning intercalated cells in the cortical
collecting tubule suggests that H secretory and HCO3 secretory cells
are quite similar but have reversed polarity, that is, the former has
apical proton pumps and basolateral chloride—base exchangers while
the latter possesses basolateral proton pumps and apical chloride base
exchangers. There is no direct proof of such a situation. However,
under such circumstances one could imagine that a given maneuver or
hormone might influence both H and HCO3 secretion. The net effect
could be determined by other conditions.
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be considered evidence for adaptation of transport to some pH
stimulus, whether it be extracellular pH or intracellular pH.
Other than studies of this type, there has been no direct
examination of additional regulatory influences of extracellular
pH, pCO2 or HCO3 concentration. Recently, however, it has
been demonstrated that CCT harvested from animals chroni-
cally treated with DOCA and given supplemental alkali in the
diet exhibit increased HCO3 secretion as compared to CCT
from non-DOCA treated, alkali supplemented animals [38].
More recently it has been demonstrated that CCT H and HCO3
secretion can be modified acutely by in vitro peritubular HCO3
concentration changes [51].
Medullary collecting duct
This segment of the nephron has proved to be very interesting in
that the MCD of inner stripe of outer medulla of both the rabbit
and the rat, when studied in vitro, appears to always exhibit a
lumen—positive voltage and to absorb HCO3 as its major transport
function [36, 39, 48, 52]. There is no evidence, at least in the
rabbit, that this segment has any active transport capacity for Na,
K, or Cl [53]. It thus represents a pure acidifying segment and may
prove to be an excellent model for dissecting out regulatory
influences on distal nephron acidification.
Electrical considerations
When MCD are perfused in vitro with symmetrical Ringer's
HCO3 solutions, there is always a lumen—positive voltage which
ranges from a few millivolts to greater than 50 millivolts
lumen-positive [36, 48, 52, 54, 55]. This lumen—positive voltage
can be affected by several maneuvers which are known to inhibit
acidification in this segment: 1) peritubular acetazolamide [36]; 2)
peritubular SITS [48]; 3) removal of peritubular Cl [48]. In
addition, as will be discussed subsequently, maneuvers which
affect acidification, that is alterations in peritubular pH, are
associated with increases in lumen—positive voltage when acidifi-
cation is stimulated and decreases in lumen-positive voltage when
acidification is suppressed [54]. All of these studies strongly
support the notion that acidification in this segment is due to a
primary electrogenic proton pump. Indeed, recent studies on
vesicles prepared from bovine red medulla substantiate the fact
that there is a membrane bound, proton translocating ATPase
which functions in an electrogenic mode [56].
The presence of an electrogenic proton pump at the apical cell
membrane, as is probably the case in the cortical collecting tubule,
means that the rate of proton secretion is sensitive to the prevail-
ing transepithelial voltage. It is expected that in vivo there may be
significant potassium, chloride and sodium concentration gradi-
ents across the medullary collecting duct and that these gradients
might generate a net diffusion potential. The magnitude of this
potential and its impact on electrogenic proton secretion is cur-
rently unknown. There have been no in vitro microperfusion
studies demonstrating negative potentials in medullary collecting
duct from inner stripe of outer medulla. In addition, there is no
evidence for active transport of sodium or potassium in this
segment [53]. Thus, it is felt that the prevailing transepithelial
potential is, in large part, dictated by the electrogenicity of the
proton pump and the passive ionic conductances of the
paracellular as well as the cellular pathways.
Sodium dependence
To date the only information on sodium dependence of
acidification in the medullary collecting duct comes from stud-
ies on rabbit medullary collecting duct perfused in vitro [52,55].
These studies demonstrate that: 1) complete removal of sodium
from lumen and peritubular fluids does not affect net acidifica-
tion; 2) luminal amiloride at lO— M has no effect on acidifica-
tion; 3) peritubular ouabain and total removal of peritubular
potassium have no affect on acidification. In the aggregate,
these observations strongly suggest that acidification in medul-
lary collecting duct can proceed both in the absence of sodium
as well as in the absence of sodium transport. Indeed, not only
can acidification proceed under these circumstances, but it
remains unchanged from the normal situation. This observation
is thus in marked contrast to that in the cortical collecting
tubule or any other acidifying nephron segment where sodium is
either directly or indirectly involved in proton movement (that
is, sodium proton exchange in proximal tubule and the effect of
electrogenic sodium transport in cortical collecting tubule).
Anion dependence
In vitro microperfusion of rabbit medullary collecting ducts
indicates that the anion chloride is involved in the acidification
process [48, 54]. Complete removal of peritubular chloride
results in ablation of acidification as does the presence of the
disulfonic stilbene, SITS, in the peritubular fluid [48]. This has
been interpreted to mean that chloride—bicarbonate exchange
exists at the basolateral cell membrane [48]. In contrast, the
complete removal of chloride from luminal fluid results in an
increase in acidification, while luminal SITS has no effect [48].
These results suggest that there is no chloride—bicarbonate
exchanger at the apical cell membrane.
Other studies on rabbit medullary collecting ducts perfused in
vitro with symmetrical Ringer's bicarbonate solutions demon-
strate that net bicarbonate absorption is matched one for one by
net chloride secretion [48]. At present it is unclear what
component of this net chloride secretion occurs through cellular
or paracellular routes. It is known, however, that there is not an
obligatory 1:1 coupling between proton secretion and chloride
secretion since the two can be separated under certain circum-
stances [54]. Whatever the route of chloride movement into the
lumen, the removal of luminal chloride would provide a favor-
able change in the chemical gradient for chloride entry, whether
it be through paracellular or transcellular routes. This presum-
ably is responsible for the increased net acidification seen when
chloride is removed from the lumen [48]. It should be noted that
the removal of luminal chloride, which results in increased net
acidification in the medullary collecting duct, is also compatible
with the presence of a chloride—bicarbonate exchanger at the
apical cell membrane—an exchanger that would result in some
bicarbonate secretion under normal circumstances. However,
the absence of a luminal effect of the disulfonic stilbene SITS as
mentioned above, provides some, but not conclusive evidence
against such an exchanger [48]. In addition, in contrast to the
cortical collecting tubule, there has been no demonstration of
bicarbonate secretion in the medullary collecting duct. We,
therefore, appear to have some significant difference between
the medullary collecting duct and the toad bladder. However,
the sum total of transport events in the medullary collecting
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duct and the cortical collecting tubule do duplicate the transport
processes found in toad and turtle bladders. Studies on the role
of chloride in medullary collecting duct acidification need to be
expanded to include observations of the effects of intermediate
changes in both peritubular and luminal chloride concentra-
tions, since to date the only changes that have been tested are
complete removal of chloride from either solution. These addi-
tional studies might help define whether changes in chloride
concentration within the physiologic range in both peritubular
and luminal fluids have a significant impact on medullary
collecting duct acidification.
Role of aldosterone
When medullary collecting ducts from adrenalectomized rab-
bits are studied in vitro, both the lumen—positive transepithelial
voltage and the rate of proton secretion are markedly reduced
compared to the same values in tubules harvested from normal
animals [55]. Furthermore, transepithelial voltage and net bi-
carbonate absorption are significantly greater than normal in
medullary collecting ducts harvested from animals given
chronic desoxycorticosterone acetate (DOCA) for greater than
seven days [55]. These studies strongly support the presence of
a significant physiologic effect of adrenal steroids on acidifica-
tion in the medullary collecting duct. The significance of this
observation is even greater when one appreciates the fact that
the medullary collecting duct does not show a response of
sodium or potassium transport to similar DOCA treatment [53].
In other words, the medullary collecting duct is a distal nephron
acidifying segment that responds to adrenal steroid hormones
with a change in acidification and not a change in sodium or
potassium transport. Further support for this steroid effect and
the mineralocorticoid specificity of the effect comes from addi-
tional microperfusion experiments which show that in vitro
administration of aldosterone, but not dexamethasone, restores
to normal the reduced bicarbonate absorptive rate of tubules
form adrenalectomized animals [55]. In addition, this effect of
aldosterone is unchanged when amiloride is present in the
luminal fluid [55].
Response to pH
In contrast to studies on cortical collecting tubules which
demonstrated an in vitro acidifying response that correlated
with the in vivo acid—base status of the animal, medullary
collecting ducts harvested from acid loaded or alkali loaded
animals do not show any significant differences in net bicarbon-
ate absorption when compared to medullary collecting ducts
harvested from normal animals [36]. However, Laski and
Kurtzman [52] have demonstrated correlation of in vitro acidi-
fication rates of the medullary collecting duct to in vivo urine
pH in an animal model with metabolic acidosis induced by
starvation. In addition, recent studies in which the in vitro
acid—base conditions are altered clearly demonstrate modula-
tion of net bicarbonate absorption by medullary collecting
ducts. Acute reduction of peritubular pH by reducing bicarbon-
ate concentration results in significant stimulation of net bicar-
bonate absorption as well as lumen—positive voltage while
alkalinization of the peritubular environment with an acute
increase in bicarbonate concentration results in a significant
decrease in lumen—positive voltage and net bicarbonate absorp-
tion [54]. In addition, reduction of the ambient pCO2 to 14 mm
Hg results in a significant reduction in both the lumen—positive
transepithelial voltage as well as net bicarbonate absorption
[54]. In these experiments it is not clear whether the medullary
collecting duct is responding to extracellular pH, extracellular
bicarbonate concentration, or intracellular pH. However, it is
clear that the segment can be stimulated or inhibited by
physiologic acid—base changes produced in vitro. In vivo, the
medullary acid—base status might not reflect cortical or sys-
temic pH, pCO2, or HCO3 concentration, It will be important to
define these parameters in vivo to better assess how the
medullary collecting duct contributes to net acid excretion.
Papillary collecting duct
Much less information is available on acidification in the
papillary collecting duct. Voltage measurements in vivo and in
vitro microperfusion of papillary collecting duct segments sug-
gest that most transport in this segment must be electroneutral,
since the measured voltages are either very small or not
significantly different from 0 [57, 59]. Recent micropuncture
studies have shown that there is significant bicarbonate absorp-
tion in the papillary collecting duct of the rat papilla in vivo [60,
611. Indeed, there have been recent demonstrations that proton
secretion is responsible for this bicarbonate absorption from
measurement of an acid disequilibrium pH in bicarbonate
loaded animals [611. The mechanism of this proton secretion,
that is, sodium—proton exchange (which would be expected to
be electroneutral) or electrogenic proton secretion is currently
unknown. Further confirmation of bicarbonate absorption in
this segment has come from more recent micropuncture studies
which have also examined the effects of carbonic anhydrase
inhibition [60, 62]. There is evidence for both carbonic
anhydrase dependent as well as carbonic anhydrase indepen-
dent HCO3 absorption in this nephron segment [60, 62]. It has
been proposed that a significant amount of bicarbonate trans-
port may result from passive movement of HCO3 down con-
centration gradients between the interstitium and the lumen (or
vice versa).
An attempt to reconcile whole animal studies with data from
single distal nephron segments
Having reviewed the recent investigations on acidification in
different distal nephron segments, it is now appropriate to
summarize these studies as well as others with particular
reference to the following questions: I) Does hydrogen ion
secretion respond to changes in systemic blood pH? 2) Is
hydrogen ion secretion dependent on sodium reabsorption? 3)
Is there a special role for mineralocorticoids in modulating
hydrogen ion secretion? 4) Is there a role for chloride or other
anions in regulating hydrogen ion secretion? 5) Can bicarbonate
secretion occur normally and thereby oppose hydrogen ion
secretion?
I) Does hydrogen ion secretion of distal nephron segments
respond to changes in blood pH? It will be recalled that a role
for the pH of systemic blood in regulating renal acid secretion
has been specifically denied by Schwartz and Cohen [3].
However, recent evidence favours the view that hydrogen ion
secretion and bicarbonate reabsorption are indeed modulated
by changes in peritubular blood pH. It is of interest that the new
information supporting this view comes from the entire range of
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investigative approaches: in vitro microperfusion of rabbit
nephron segments; in vivo microperfusion of rat distal tubules;
in vivo cannulation of the inner medullary collecting duct of the
rat; stop—flow microperfusion of the inner medullary collecting
duct of the rat; isolated rat kidney perfusion studies; and whole
dog U-B pCO2 acidification studies.
McKinney and Burg [33] were the first to demonstrate that
the in vitro perfused rabbit cortical collecting tubule could be
made to consistently reabsorb bicarbonate when the animal is
fed ammonium chloride and excretes an acid urine prior to
sacrifice. This information has been confirmed in other in vitro
studies by Lombard, Kokko and Jacobson [361. In a recent
study of the determinants of medullary collecting duct acidifi-
cation, Jacobson [54] examined the response of medullary
collecting duct acidification to changes in peritubular bicarbon-
ate concentrations and pCO2. When the peritubular bicarbonate
concentration was reduced from 25 to 5 mri (pH change from
7.4 to 6.8), bicarbonate absorption increased markedly. Con-
versely, elevation of the peritubular bicarbonate concentration
suppressed bicarbonate reabsorption. Reduction of the
peritubular pCO2 also suppressed bicarbonate reabsorption to
less than 50% of its normal value. Although isohydric maneu-
vers were not undertaken in this study, it is clear that changes
in the determinants of peritubular pH, that is, pCO2 and
bicarbonate concentrations, can profoundly influence medul-
lary collecting duct hydrogen ion secretion.
Turning to in vivo studies in the rat, Levine [15] perfused
distal tubules of rats subjected to prior ammonium chloride
gavage and in the face of a severe metabolic acidosis, bicarbon-
ate absorption was shown to be brisk, and independent of either
the load of bicarbonate presented to the tubule or of rates of
sodium and potassium transport. This study confirmed the
earlier demonstration of Lucci et al [14] who also showed that
chronic ammonium chloride acidosis in the rat stimulates distal
tubule bicarbonate absorption. In the same study, Lucci et al
[14] were unable to show an effect of combined respiratory
acidosis—metabolic acidosis, acute respiratory acidosis, or
acute metabolic acidosis.
The in vivo studies of Graber et al [631 presented the first
comprehensive measurements of the moieties of net acid excre-
tion (bicarbonate retrieval, ammonium excretion, titratable
acidity), and demonstrated that in the inner medullary collect-
ing duct acute metabolic acidosis strikingly increased the acid-
ification rate. UlIrich and Papavassiliou [64], using the tech-
nique of stop-flow microperfusion (a modification of the split
droplet method), demonstrated a much higher rate of bicarbon-
ate absorption by the inner medullary collecting duct in rats
gavaged with ammonium chloride the day before the experi-
ment. In a recent preliminary report, Hamid and Tannen [65]
perfused isolated rat kidneys from animals subjected to chronic
respiratory acidosis. Using a method that measures distal
nephron hydrogen ion secretion, an adaptive increase in acidi-
fication of the perfused kidney was demonstrated, obviously
independent of changes in filtered load, sodium delivery, anion
composition, etc. This "conditioning" of the isolated perfused
kidney to augment distal acid excretion in response to prior
chronic respiratory acidosis, is reminiscent of the observations
noted above by McKinney and Burg [331 on rabbit cortical
collecting tubules. The acute hyperventilation studies of the
intact rat by Giammarco et al [66] show that the U-B pCO2
gradient is reduced coincident with acute respiratory alkalosis.
The observations of Gougoux et al [67] on acid excretion by the
intact dog are also relevant to this discussion. Again, using the
U-B pCO2 gradient as a measure of distal nephron hydrogen ion
secretion, these investigators found that blood pH correlated
closely to the rate of acidification. In view of the important
recent observation of DuBose [61] confirming that the U-B
pCO2 gradient, at least in the rat, reflects collecting duct
hydrogen ion secretion, these in vivo intact rat and dog studies
are therefore particularly pertinent. However, in contrast to the
in vitro experiments and in vivo microperfusion experiments
already outlined, of necessity, these intact animal experiments
could not have been adequately controlled for intrarenal sodium
handling. Thus, the exclusive assignment of changes in acidifi-
cation to peritubular blood pH is not as clear.
Taken as a whole, the wide range of studies outlined in this
section convince us that active proton secretion in various
distal nephron segments is responsive to changes in the pH or
the determinants of pH (that is, HCO3 concentration or pCO2)
of peritubular blood. The most studied acid—base disturbance in
support of this conclusion has been chronic metabolic acidosis,
although as noted, chronic respiratory acidosis, and acute
respiratory alkalosis also seem to be effective. Further studies
must be awaited in order to determine whether each of the four
distal nephron segments reviewed here can respond consis-
tently to acute and chronic changes of peritubular pH associ-
ated with different acid—base perturbations. Also, further stud-
ies will be required to assess the effects of isohydric changes in
HCO3 concentration or pCO2.5
2) Is hydrogen ion secretion dependent on sodium absorp-
tion? The notion that hydrogen ion secretion is linked to sodium
handling by the distal nephron is central to the cation exchange
hypothesis. Although the transport characteristics of Na, H, K
and chloride have not been specified by Schwartz and Cohen
[3], the general view has been that active sodium transport
establishes an electrical gradient which must be shunted either
by chloride following sodium movements or by counterfiux of H
and K ions. In order to satisfy the constraints of electroneutral-
ity, a constant rate of sodium reabsorption when unac-
companied by corresponding chloride retrieval should engender
an enhanced rate of K secretion, acid secretion, and bicarbon-
ate reabsorption. This general view has gained strong support
from studies on the turtle bladder. There, it was clearly shown
that hydrogen ion secretion is active, that sodium movements
are active, and that sodium movements can indeed alter the
transepithelial voltage in a fashion that could be more favorable
to proton secretion. It is important to appreciate that these
observations become particularly pertinent when it is recalled
that the turtle bladder epithelium corresponds closely to some
portions of the distal nephron, and that it contains cells which
morphologically resemble the carbonic anhydrase—containing
dark or intercalated cells of the collecting duct. However,
although it is true that turtle bladder sodium absorption is active
We stress here that isohydric alterations in HCO3 concentration and
pCO2 must be examined because there is little evidence that extracel-
lular pH per se is the important regulatory factor. It is possible that
intracellular pH, pH gradients, or HCO3 concentration gradients could
each be an important determinant of acidification rates.
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and electrogenic and could theoretically facilitate enhanced
proton secretory rates, Koeppen and Steinmetz [47] have
clearly shown that proton secretion can proceed in the turtle
bladder in the absence of sodium movements. The reader
should be aware, therefore, that the physiology of the turtle
bladder has provided an important paradigm for the distal
nephron which has been repeatedly used to explain distal
acidification events. For example, Halperin et at [68] have used
a model of distal nephron proton secretion which described
hydrogen secretory rates as being influenced by blood pH,
electrical factors as noted above, and other chemical influences
attributable to anion effects.
Let us return to the question of whether hydrogen ion
secretion in discrete segments of the mammalian distal nephron
is sodium—dependent. We can say at the outset the evidence
does not seem to support this notion. In vivo perfusion of the
distal tubule of the rat by Levine [15] indicates that alteration of
sodium fluxes were without influence on bicarbonate absorptive
rates during metabolic acidosis, and could not stimulate bicar-
bonate absorption in rats with normal acid—base balance. As
already reviewed in the previous section, the cortical collecting
tubule and the medullary collecting duct have greater or lesser
degrees of continued hydrogen ion secretion even in the com-
plete absence of sodium. The inner medullary collecting duct
studies of Ulrich and Papavassiliou [64] which demonstrated
enhanced bicarbonate absorption in metabolic acidosis also
addressed the question of sodium dependence. When all sodium
was replaced by choline, there was no reduction in the en-
hanced rate of bicarbonate absorption.
On the other hand, using the U-B pCO2 technique to measure
collecting duct hydrogen ion secretion in the intact dog,
Halperin et al [681 obtained evidence, albeit indirect, that
changes in extracellular fluid volume alter the 'sodium avidity"
of the distal nephron which, in turn, influences the rate of distal
nephron hydrogen ion secretion. Recent important studies by
Hamid and Tannen [651 already described above have shown
that the adaptation of the isolated perfused rat kidney to prior
chronic respiratory acidosis is at least in part sodium indepen-
dent: amiloride, which inhibits sodium movement across apical
cell membranes, did not suppress enhanced net acid excretion
by these kidneys [65].
Taken together, these studies of the possible dependence of
proton secretion on sodium show that hydrogen ion secretion
can proceed at lower or even normal rates in several distal
nephron segments in the complete absence of sodium, in a
fashion not envisioned by the cation exchange hypothesis. It
should be recognized, however, that very small increases in the
rate of proton secretion engendered by enhanced sodium deliv-
ery could, under chronic, steady—state conditions, lead to
enhanced rates of bicarbonate retrieval. These would be dif-
ficult to measure during acute experiments. Also, it should be
noted that buffer delivery to the collecting duct proton ATPase
may be influenced by sodium delivery so that avid, more
proximal reabsorption limits distal delivery. Since the proton
ATPase is gradient limited, low buffer delivery rates will
decrease absolute proton secretion. Such a relationship in a
general sense is "sodium-dependent."
3) Is there a role for chloride or other anions in regulating
hydrogen ion secretion? a. Traditional view. We doubt that
there is an experienced clinical nephrologist who has not
benefitted from the use of urine chloride excretion rates in
understanding the genesis of metabolic alkalosis seen in clinical
practice. The absence of significant quantities of chloride in the
urine is usually associated with gastric losses of acid or diuretic
use, whereas metabolic alkalosis associated with excess steroid
states is characterized by normal quantities of chloride excreted
in the urine and so—called saline resistance. The pivotal role of
chloride in the genesis of metabolic alkalosis follows directly
from the elegant studies of Schwartz and his colleagues [2, 4, 5]
more than fifteen years ago. The cation exchange hypothesis,
clearly articulated at that time, seems to account entirely for the
central role of chloride, the continuing potassium losses during
chloride depletion metabolic alkalosis, and the sustained re-
trieval of higher than normal amounts of bicarbonate in the
glomerular filtrate. As a result of these studies, it became
generally appreciated that metabolic alkalosis in man could be
corrected without repair of potassium deficiency [19]. While
most would agree that it is difficult to separate the existence of
chloride depletion from a state of contracted extracellular fluid
volume and "enhanced sodium avidity" resulting therefrom,
nevertheless, the diagnostic and therapeutic use of chloride
handling by the kidney seemed to be a validation of the cation
exchange hypothesis.
b. Do the new studies on distal nephron hydrogen ion
secretion support a special role for chloride? The distal tubule
studies of Levine [15] included perfusions with non-chloride
sulfate solutions as well as those containing chloride. In addi-
tion, higher rates of sodium absorption were intentionally
elicited so as to facilitate "Na-H exchange" as would be
predicted by the cation exchange hypothesis. These distal
tubule perfusion studies did not show that sulfate containing
solutions (0 chloride) enhanced bicarbonate absorption in nor-
mal rats. Related in vivo free—flow studies on the distal tubule
were undertaken by Gennari, Ponte, and Cortell [70]. Insofar as
it had been proposed that during metabolic acidosis the rate of
"Na-H exchange" could vary as a function of the mineral acid
(anion) used, and subsequent distal sodium and chloride deliv-
ery, Genarri et al attempted to measure distal chloride delivery
in the rat during NH4CI acidosis. The results indicated that
neither chloride delivery nor absorption by the superficial distal
tubule was augmented and therefore no distal "Na-H ex-
change" presumably occurred. This observation was thought to
be related to the previous demonstration by Schwartz and his
colleagues [81 that equimolar administration of HCI on a chronic
basis produced more severe acidosis than that of acids of less
permeable anions (HNO3, H2S04) because of enhanced proxi-
mal NaCI reabsorption. Also studying the distal tubule,
Valesquez, Wright and Good [19] have provided strong evi-
dence for a pivotal role for chloride, not in the regulation of
bicarbonate retrieval, but in facilitating potassium absorption
by this nephron segment.
The most striking demonstration of a role for chloride in
regulating bicarbonate retrieval comes from studies on the
cortical collecting tubule by Laski, Warnock and Rector [37]
and on the medullary collecting tubule by Stone et al [481. As
already noted, Laski et al have provided evidence that transtu-
bular concentration gradients of chloride could influence the net
rate of bicarbonate secretion or absorption by the in vitro
perfused cortical collecting tubule. Thus, when the luminal
perfusate has 0 chloride, bicarbonate absorption is enhanced,
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and when the bath chloride is substituted for, bicarbonate
secretion is stimulated. A role for chloride in base handling in
the medullary collecting tubule has already been reviewed in
the previous section. A HCO3-Cl turtle bladder mechanism has
also been described [43, 46].
It is obvious that the above noted studies do support the
possibility that chloride concentrations or gradients may critically
influence bicarbonate retrieval, but the means by which chloride
might do this is probably different from that envisioned by the
cation exchange hypothesis where the absence of chloride was
viewed as a means of accelerating "Na-H exchange". The evi-
dence presented here favors the view that chloride gradients or
chloride substrate at the basolateral membrane may play a role.
The low luminal chloride concentration, which almost certainly
exists during metabolic alkalosis and volume depletion, would
according to the views of Velesquez, Wright and Good [19] and
Laski, Warnock and Rector [37], simultaneously suppress potas-
sium absorption by the distal tubule, thereby facilitating net
potassium secretion, and at the same time enhance bicarbonate
retrieval. This view of the role of chloride could indeed explain
sustained bicarbonate retrieval and potassium losses.
Could there be a role for chloride gradients with respect to the
observations on chronic metabolic acidosis noted above? In
reviewing the data of Gennari, Ponte and Cortell [70] discussed
above, we have noted that luminal chloride concentrations are
much higher during ammonium chloride acidosis than during
control. Thus, there is a higher lumen to blood chloride gradient in
this situation although the delivery rates and absorptive rates of
chloride to and by the distal tubule are not altered. Conceivably
then, the change in transtubular chloride gradient rather than the
absence of enhanced chloride delivery could have modulated the
reduction in bicarbonate retrieval and thereby explain results of
experiments with different mineral acid feedings.
Accordingly, the attention focused on the chloride ion and
other non-reabsorbable anions by the cation exchange hypoth-
esis is supported by current studies on single distal nephron
segments, but the way in which such ions influence acidification
is probably different than that envisioned originally.
It is also important to consider whether total substitution of
bath or lumen chloride can be relevant for the intact animal in
a chronic steady—state situation. It remains to be seen whether
changes in peritubular chloride concentrations that correspond
to those seen in vivo (a range of 60 to 125 mM) as well as
changes in intraluminal chloride (0 to 80 mM) will produce
important effects on acidification.
4) Can adrenal steroids modulate distal nephron hydrogen
ion secretion? There is, of course, a large literature on the
relationship between adrenal steroids and renal acid excretion.
Reviewing this is not appropriate here but the reader should know
that controversy continues concerning the contributions of mm-
eralocorticoids versus glucocorticoids in regulating acid excretion
[70, 71]. Also, there is controversy regarding the relative roles, for
example, of hyperkalemia versus the absence of steroids in
producing the metbolic acidosis associated with adrenalectomy
[72, 73]. That metabolic alkalosis has been associated with excess
steroid states is, of course, widely appreciated, and not surpris-
ingly Schwartz and his colleagues [74] attempted to determine
whether changes in aldosterone secretion could be a modulator of
the cation exchange mechanism. Studies were undertaken to
determine if metabolic alkalosis induced by chloride depletion
might be sustained by chronic elevations of plasma aldosterone
levels, and whether or not administration of mineralocorticoids
could prevent the correction of metabolic alkalosis by chloride
repletion. Typically elegant studies were undertaken to address
these questions, and it was shown that aldosterone secretory rates
were reduced during chronic metabolic alkalosis and that aldos-
terone administration did not prevent chloride correction of chlo-
ride depletion alkalosis [74]. In contrast to these findings, a definite
role was ascribed to the adrenal gland in maintaining a normal
plasma bicarbonate concentration during hypotonic volume ex-
pansion [75].
In view of the fact that studies such as those just mentioned
have continued to draw attention to the possible role of steroids
in renal acidification, it is not surprising that recent in vitro
studies have also addressed the question. As already noted, the
cortical collecting tubule can enhance its hydrogen ion secre-
tory rate in response to prior exposure of the animal to DOCA
and in a fashion that is not related to sodium transport [40]. We
have also reviewed data in the previous section indicating that
the brisk acidification rate of the medullary collecting tubule is
also substantially mineralocorticoid dependent [55], but not in a
fashion that is simultaneously linked to sodium handling.
Accordingly, we believe that distal nephron segments ac-
tively secrete protons in a fashion that is likely steroid—respon-
sive but not exclusively as a direct consequence of alteration of
sodium retrieval. Further in vitro and in vivo perfusion studies
on single nephron segments from animals subjected to chroni-
cally high steroid levels should provide important information.
5) Does bicarbonate secretion contribute to the regulation of
acid—base balance? We believe this discussion could not be
complete without reference to the remarkable demonstration
that distal nephron segments can secrete bicarbonate. As al-
ready noted, rabbits chronically fed sodium bicarbonate show
net secretion of bicarbonate in cortical collecting tubules [33,
36, 38]. The characteristics of this bicarbonate secretory trans-
port pathway have also been studied. It is of interest that there
is a bicarbonate secretory pathway in the turtle bladder which is
likely a chloride—bicarbonate ion exchanger [46]. A critical
question must be whether there is normally "bidirectional" flux
of bicarbonate across distal nephron epithelia or does the
bicarbonate secretory component only appear in some seg-
ments under extreme conditions? This issue is important be-
cause if a separate secretory pathway always existed, it is
conceivable that net acid excretion could be importantly regu-
lated by this pathway in addition to alteration of the rate of
proton secretion. Indeed, this entire review is predicated on the
primacy of acid secretion and bicarbonate absorption as the
regulator of acid—base balance rather than modulation of a
HCO3 secretory component. Specifically, if the secretory com-
ponent were important, one would have to presume that meta-
bolic alkalosis is sustained to a greater or lesser degree by
inhibition of the secretory component, whereas metabolic aci-
dosis is engendered by enhancement of such a pathway.
Summary
In this review we have attempted to present for the general
reader the new information on renal acidification that has
emerged from the study of discrete segments of the distal
nephron. We have structured our presentation in the context of
the cation exchange hypothesis which has strongly influenced
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modern thinking of acid—base regulation. We have shown that
distal nephron acidification is active and can proceed even in
the absence of sodium. We have also shown beyond doubt, that
pH or the determinants of pH can influence the rate of proton
secretion in probably all of the distal nephron segments. We
have drawn attention to an exciting new means by which
chloride (or its substitution) could alter the rate of net bicar-
bonate transport. A possible role for bicarbonate secretory
activity irs the mammalian distal nephron has been discussed as
has the influence of mineralocorticoids on acid secretion.
There is no question that all of this new information has
created the need for a reassessment of the validity of the cation
exchange hypothesis. After all, this is a view which specifically
denies that renal acid excretion is modulated by pH of the
blood, and affirms that it is intrarenal sodium handling that is
the "driving force", so to speak, behind acidification re-
sponses. However, it seems inappropriate at this time to insist
that current data do not allow for a component of sodium
transport by the distal nephron to modulate the rate of acid
secretion. It is also possible, as we have suggested, that an
important effect of chloride gradients, independent of blood pH,
could alter bicarbonate retrieval. Most importantly, we wish to
stress that much of the in vitro perfusion data does not derive
from animals subjected to the chronic acid—base derangements
which were precisely those situations to which the cation
exchange hypothesis was directed. Simply put, the whole
animal studies of Schwartz and his colleagues provided no
experimental observations on intrarenal sodium handling or
acidification mechanisms, just as the microperfusion studies,
both in vivo and in vitro, provide insufficient data that can be
applied to whole animals subjected to chronic disturbances.
With these limitations in mind, we think the following is a
concise and balanced view of the regulation of distal nephron
acid excretion: I) hydrogen ion secretion is active and is
variably offset by simultaneous bicarbonate secretion; 2) hydro-
gen ion secretion can proceed in the absence of sodium and can
be modulated by mineralocorticoid independent of sodium
effects; 3) hydrogen ion secretion is undoubtedly influenced by
peritubular pH or bicarbonate concentration; and 4) both
luminal and peritubular chloride concentration may play an
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